S treptococcus pneumoniae is a gram-positive pathogen that can cause acute respiratory infection, otitis media and some other severe diseases in human 1 . The completed sequencing of the S. pneumoniae genome provides valuable information which contributes a lot to the research on the diseases caused by this pathogen 2 . Surface proteins are supposed to play key roles in the pathogenesis of S. pneumoniae 3, 4 . Bacterial surface proteins consist of diverse groups which are thought to be involved in a variety of important processes when a pathogen invades the host body, such as adhesion to and invasion into the host cells, interaction with the immune system and so on. The surface proteins facilitate pathogens' invading the host by interacting with the surface of host cells 5, 6 . Therefore, the characterization of their structures may advance the understanding of some details of the pathogenesis.
The genome of a virulent isolate of S. pneumoniae, TIGR4, was analyzed, and several groups of proteins were identified as potential surface proteins according to the typical domains or motifs present on surface proteins 2 . SP0498 is a putative endo-beta-N-acetylgluco-saminidase possessing an LPxTG motif at the C-terminus, which is the symbol of surface proteins discovered in many other bacteria. The LPxTG motif is recognized by the sortase which is responsible for the covalent attachment of specific proteins to the cell wall of gram-positive bacteria 6, 7 . SP0498 is a ,182 KD protein composed of multiple domains ( Figure 1A) , one of which is a bacterial immunoglobulin-like (Big) domain (group 3).
Immunoglobulin super family is composed of a number of classical proteins involved in immune system (such as immunoglobulins, Fc fragment, T-cell receptors, and so on) and proteins participating in other important processes (such as cell recognition, adhesion, inter-cellular interaction and so on) 8, 9 . Immunoglobulin-like (Ig-like) domain proteins are also found in bacteria and these bacterial immunoglobulin-like (Big) domains disperse among proteins with diverse functions 10 . Although the functional and structural studies on the eukaryotic Ig-like domains are extensively carried out, information of the Big domains in prokaryotes is relatively lagging behind.
In this study, we determined the solution structure of SP0498 Big domain by NMR spectroscopy and identified it as a novel Ca 21 -binding module. Furthermore, we explored its potential binding sites for calcium by chemical shift perturbation, ITC and Stains-all assays. Mutation of residues H68, Y69, G71, H72 and E73 to alanines abolished the Ca 21 -binding ability of SP0498 Big domain, indicating these residues are involved in and critical for the Ca 21 binding.
Results
SP0498 Big domain shares low sequence similarity with other Iglike domains. Ig-like domains are widespread in diverse proteins from the immunoglobulin to other divergent bacterial proteins. They share low sequence homology as a result of the diversity of evolution. SP0498 Big domain also shows very low homology compared with other Ig-like domains, with the sequence identity less than 20% and sequence similarity less than 30% ( Figure 1B) . Although Ig-like domains share low sequence similarity, they have similar secondary structure pattern, which is composed of 7-10 bstrands.
Solution structure of SP0498 Big domain. SP0498 Big domain was recombinantly expressed and purified. 1 H-15 N HSQC spectrum of the recombinant SP0498 Big domain is shown in Figure 1C . Almost all the residues of SP0498 Big domain were identified: 99% of 15 N, 13 C and 1 H in the backbone, and 93% of 13 C and 99% of 1 H in the side chain were assigned. The solution structure of SP0498 Big domain was determined by a set of standard NMR spectra. The chemical shifts of atoms from SP0498 Big domain have been deposited into the Biological Magnetic Resonance Data Bank (accession number 17381), and the atomic coordinates of the calculated structures were deposited in Protein Data Bank with the PDB ID code of 2L7Y. The assembly of 20 lowest-energy structures and a best representative structure are shown in Figure 2A . The statistics of the calculated structures are listed in Table 1 . The residues in the secondary structure are well defined with the RMSD of 0.46 Å for the backbone of these regions. However, the loops were not well restrained because long-range restrains identified were relatively few.
SP0498 Big domain adopts a barrel-like conformation composed of eight b-strands which form three relatively separated regions: bA (residues 7-9), bC (residues 31-34) and bD (residues 41-43) constitute a short b-sheet composed of all anti-parallel strands at one side of the structure; C-terminal bH (residues 79-81) and N-terminal bB (residues 18-20) pack together in a parallel pattern at the other side of the structure; bE (residues 51-53), bF (residues 63-69) and bG (residues 72-78) form another anti-parallel b-sheet. Meanwhile, electrostatic surface analysis of SP0498 Big domain structure was carried out for better understanding its structural characteristics ( Figure 2B ). The surface of the SP0498 Big domain is composed of residues with negative charge dominantly. Positive charge is rarely present on the surface of SP0498 Big domain except the N-terminus and certain individual sites.
Structural comparison of SP0498 Big domain with classical Ig-like domains. Structural comparison reveals that the solution structure of SP0498 Big domain is different from those of classical Ig-like domain family members, illustrated by the comparison between SP0498 Big domain and one Ig-like domain of the human Fc fragment ( Figure 3A -C). The classical Ig-like domains adopt a Greek Key pattern which is conserved among the members of this supper family 11, 12 . They are all composed of b-strands, number of which varies from 7 to 10. The b-strands are arranged into two separate sheets connected by a conserved disulfide bond. The strands of A, B, C, E, F and G are generally conserved in classical Ig-like domains, and the strands of B, C, E and F constitute a hydrophobic core, among which a disulfide bond is formed by cysteines in the strands of B and F. Distinctive from the classical Ig-like domain, SP0498 Big domain displays a barrel-like shape instead of typical two-sheet sandwich-like one. The two anti-parallel b-sheets, with few connections between each other, are not positioned in a face-to-face pattern adopted by classical Ig-like domains. Besides, an additional pair of parallel strands present in SP0498 Big domain is not identified in the classical Ig-like domains ( Figure 3B & C) . Furthermore, the conserved disulfide bond is not identified in SP0498 Big domain either. Finally, although both SP0498 Big domain structure and classical Ig-like fold are composed of b-strands, the strands in SP0498 Big domain are relatively shorter 13, 14 .
Identification of Big domain as a novel Ca 21 -binding domain. The interactions between SP0498 Big domain and Ca 21 were identified by Stains-all assay 15 . After incubated with SP0498 Big domain, the CD spectrum of the Stains-all showed a J-band around 650 nm which indicated an obvious Ca 21 -binding ability of SP0498 Big domain ( Figure 4A ). The binding was further confirmed by ITC assay and the value of the dissociation constant (K d ) was determined to be 0.24 6 0.02 mM, which indicated the strong interactions between SP0498 Big domain and Ca 21 ( Figure 4B ). Additionally, we cloned and 16 . By ITC assay, we also confirmed the interactions between another Big domain, the Big domain of Lig A, and Ca 21 ( Figure 4C ). Altogether, two different bacterial immunoglobulin-like (Big) domains were independently proved to be able to bind Ca 21 , confirming that Big domain is a Ca 21 binding module.
As the structure of SP0498 Big domain is different from other typical Ca 21 -binding domain such as EF-hand, crystallin, C2 domain and so on, it may represent a novel Ca 21 -binding module ( Figure 5 ).
We also tested the ability of SP0498 Big domain to bind Mg 21 . It showed that SP0498 Big domain didn't bind Mg 21 according to ITC assay (supplementary materials Figure S1 ). Therefore, SP0498 Big domain might bind to Ca 21 specifically.
Identification of potential Ca 21 -binding sites in SP0498 Big domain. 1 H-15 N HSQC spectra were recorded for 15 N-labeled SP0498 Big domains (His-tag was removed) before and after addition of increasing amounts of Ca 21 to identify the potential Ca 21 binding sites in SP0498 Big domain. The spectral changes that occurred after Ca 21 addition were characterized by the chemical shift variation of certain residues. When the concentration of Ca 21 was increased to 45 mM or higher, there was an obvious perturbation of the HSQC spectrum of SP0498 Big domain, indicating the interactions between SP0498 Big domain and Ca 21 ( Figure 6A ). The residues with obvious chemical shift perturbation include I8, E9, E28, G29, R30, G49, I52, H68, G71, H72, and E73 ( Figure 6B ). Interestingly, these residues are located at the Nterminal half of the barrel-like structure and form a potential cavity which might be responsible for accommodating and binding to Ca 21 ( Figure 6C ). Furthermore, mutants corresponding to these residues were constructed to determine whether they are involved in the calcium binding. These mutants were tested by Stains-all and ITC assays to detect their Ca 21 -binding ability. Altogether 8 mutants were constructed and tested: T4A, I8A/E9A, S11A/Q12A, D17A, E28A/G29A/R30A, Y35A/S36A, S44A/E48A/G49A/I52A and H68A/ Y69A/G71A/H72A/E73A mutants. Except for E28A/G29A/R30A mutant which was unstable, all the other 7 mutants were tested by Stains-all and ITC assays for the ability to bind calcium (supplementary materials Figure S2 A-F & Figure S3 A-F). Except for H68A/Y69A/ G71A/H72A/E73A mutant, all the other tested mutants retained the Ca 21 -binding ability ( Table 2 ). When H68, Y69, G71, H72, and E73 were mutated simultaneously to alanines, the mutated SP0498 Big domain lost the Ca 21 -binding ability completely ( Figure 7A & B) . We further constructed H68A/Y69A and G71A/H72A/E73A mutants separately in order to explore more details about this binding site. However, we found that both of mutants retained the Ca 21 binding ability with almost the same K d value ( Table 2 ). To exclude that the abolishment of Ca 21 binding ability was caused by the collapse of the global structure of H68A/Y69A/G71A/H72A/E73A mutant, we compared the CD and HSQC spectra between this mutant and the wild-type SP0498 Big domain. There was no obvious change between their CD and HSQC spectra (supplementary materials Figure  S4A & B) , which indicated that the mutation did not affect the global structure of SP0498 Big domain. All these confirmed that the residues (H68A/Y69A/G71A/H72A/E73A) are involved in and critical for the Ca 21 binding.
Discussion
Bacterial Ig-like (Big) domains belong to the immunoglobulin-like domain superfamily. They are identified in a variety of potential surface proteins in bacteria. Escherichia coli intimin and Yersinia pseudotuberculosis invasin, which also contain Big domain, were proved to play important roles in invading host cells 17, 18 .
Additionally, Big domains in Lig proteins in Leptospira interrogans were indicated to regulate the adhesion of pathogenic leptospires to host cells 16 . Thus, it is possible that SP0498 Big domain might be also involved in regulating adhesion to host cell or pathogenic invasion.
In this study, we determined the solution structure of SP0498 Big domain from S. pneumoniae by NMR. The solution structure of SP0498 Big domain is the first reported structure of bacterial Ig-like domain family subgroup 3 (Big 3). Instead of a typical Greek Key pattern, which is present in classic Ig-like domains, SP0498 Big domain adopts a different fold. Although it is also composed of bstrands, it displays a barrel-like conformation with eight b-strands forming three relatively separate regions. Compared with the classical Ig-like domains, SP0498 Big domain shows divergent structural characteristics, which might imply unique functions of the Big domain. Intriguingly, this domain was identified as a novel Ca 21binding module by Stains-all and ITC assays. The determined dissociation constant (0.24 6 0.02 mM) indicates the strong interactions between this domain and Ca 21 . Moreover, chemical shift perturbation and site-directed mutagenesis implied that residues H68, Y69, G71, H72, and E73 are involved in the calcium-binding process. These residues are located on a loop linking strands of bF (residues 63-69) and bG (residues 72-78) in SP0498 Big domain. This is similar to other calcium binding motifs such as EF-hands and C2 domains, in which the residues responsible for the calcium binding are also located in certain loops. Furthermore, the surface of SP0498 Big domain is dominantly composed of negative charge, which may facilitate the access of Ca 21 . As SP0498 is a potential surface protein of S. pneumonia, the identification of the interactions between SP0498 Big domain and Ca 21 implies a potential role of the Big domain and calcium in the regulation of S. pneumonia surface proteins' interactions with host cells. Ca 21 is critical for a variety of biological processes in organisms from human to bacteria. In bacteria, Ca 21 is involved in many cellular processes including cell cycle, pathogenesis and chemotaxis [19] [20] [21] . Additionally, the activities or stability of some enzymes, many of which are extracellular, are dependent on Ca 21 22,23 . The recognition of Ca 21 requires Ca 21 -binding modules which are present in a number of proteins. The well-known EF-hand is among the earliest identified Ca 21 -binding modules. This domain is composed of 2 helixes spaced by loops. Other modules like the crystallin domain and the C2 domain are both composed of b-strands 13, 14 . The former adopts a
Greek key-like fold while the latter displays a wedge-like shape. The structural comparison between SP0498 Big domain and these typical Ca 21 -binding modules shows that the structure of the Big domain is different from that of any of these well-known Ca 21 -binding domains, indicating it may represent a novel Ca 21 -binding module subfamily.
In summary, we solved the solution structure of SP0498 Big domain and revealed the Big domain as a novel Ca 21 -binding module. As some surface proteins are involved in mediating the pathogens' interaction with hosts more effectively in the presence of Ca 21 13,24,25 , our identification of the interactions between Big domain and Ca 21 suggests a potential role of this domain in the host cell adhesion and invasion of the pathogens.
Methods
Cloning, expression and protein purification. The fragment of the gene of the Big domain (residues 1146-1228) of SP0498 from Streptococcus pneumoniae was amplified by PCR and cloned into pET-22 b (1) (Novagen). Recombinant protein with a C-terminal 6-histidine-tag was expressed in Escherichia coli strain BL21 (DE3). Cells expressing the recombinant protein were grown in Luria-Bertani (LB) medium containing 100 mg/mL of ampicillin at 37u and induced with 1.0 mM isopropyl-b-Dthiogalacto-pyranoside (IPTG) for 4 hours. The cells were harvested and sonicated in buffer containing 20 mM Tris and 500 mM NaCl at pH 7.8. The cell lysate was then centrifuged to remove precipitate and purified by affinity chromatography using Ni 21 -NTA resin. The eluted protein was further purified by size exclusion chromatography using a Superdex 75 column on an AKTA purification system. 15 N, 13 C-labeled protein was purified in the same way except for that LB medium was replaced by M9 medium containing 0.5 g/L 99% 15 For the SP0498 Big domain with His-tag cleaved, an additional fragment, which can be recognized and cleaved by TEV protease, was cloned between the SP0498 big domain fragment and the C-terminal His-tag. The target protein was then expressed and purified as described above. Then the protein was incubated with TEV protease in 20 mM Tris with 150 mM NaCl and 2 mM b-mercaptoethanol at pH 7.7 and 4uC overnight. Target protein with His-tag cleaved was separated from the cleaved His-tag and the TEV protease (containing His-tag) by affinity chromatography using Ni 21 -NTA resin.
NMR experiments and structure calculation. All the NMR experiments were carried out at 298 K on a Bruker DMX500 spectrometer using a cryoprobe. 1 H-15 N HSQC, HNCACB, CACB(CO)NH, HNHA, HCC(CO)NH, 3D 15 N-edited NOESY, and 13 C-edited NOESY spectra were recorded. The acquired NMR data were processed with the soft wares of NMRPipe and NMRDraw and analyzed with Sparky 3 26, 27 . Distance restrains were derived from 15 N-edited NOESY and 13 C-edited NOESY spectra and dihedral angle restraints were obtained by TALOS program for structural calculation 28 . Structures were calculated using CYANA 3.0 29 . The finally calculated 20 structures with lowest energy were analyzed with MOLMOL 30 . The Ramachandran plot was analyzed with PROCHECK online (http://nihserver.mbi. ucla.edu/SAVES_3/).
Circular dichroism spectroscopy (CD)
. CD experiments for Stains-all assay were performed on a Jasco-810 spectrophotometer over the wavelength range of 550-700 nm at room temperature. SP0498 Big domain was purified as described above and incubated with 2 mM EDTA immediately for 1 hour immediately after the purification. Then EDTA was removed by dialysis against 20 mM HEPEPS buffer (containing 100 mM NaCl, pH 7.0). 0.01 mM SP0498 Big domain was mixed with 0.1 mM Stains-all dye solution which was prepared in 2 mM MOPS buffer, pH 7.2 and contained 30% ethylene glycol. The mixture was incubated in dark room for 10 min before measurement. Measurements were taken in a 1 mm path-length quartz cuvette at a rate of 50 nm/min and a data pitch of 1 nm. CD spectrum of the buffer was measured as control and subtracted. Three successive scans were recorded and averaged. CD spectra for monitoring the secondary structure of the proteins were measured over the wavelength range of 210-250 nm at room temperature.
Isothermal titration calorimetry (ITC). The interactions between the SP0498 Big domain and Ca 21 were tested by ITC (ITC 200 , GE Company) and the data were analyzed by MicroCal LLC ITC software (MicroCal). The SP0498 Big domain was purified and decalcified as described above. 0.20 mM SP0498 Big domain was loaded in the cell and 2.75 mM CaCl 2 was loaded in syringe. 20 injections of 2 mL of CaCl 2 (2.75 mM) were added into the calorimeter cell containing 200 ml of 200 mM SP0498 Big domain at 120 seconds intervals. The interactions between the mutated SP0498 Big domains and Ca 21 were tested by the same procedure.
Chemical shift perturbation. Chemical shift perturbation was carried out to investigate the interactions between SP0498 Big domain and Ca 21 . 0.15 mM 15 Nlabeled SP0498 Big domain (decalcified as described above) was titrated with increasing amount of Ca 21 . 15 H-15 N HSQC spectra were recorded at each point for analysis.
Site-directed mutagenesis. A series of point mutations were introduced into the recombinant pET22b(1)-SP0498 Big domain vector. The plasmid pET22b(1)- 
